Phylogenetic Relationship of Psychoactive Fungi Based on the rRNA Gene for a Large Subunit and Their Identification Using the TaqMan Assay
Takuro MARUYAMA, a Kazumasa YOKOYAMA, b Yukiko MAKINO, c and Yukihiro GODA* ,a 4 min; 30 cycles of 98°C, 15 s, 60°C, 5 s, 74°C, 30 s; 74°C, 4 min. After the removal of excess primers and dNTPs by microcon-PCR (Millipore), the amplified fragments were sequenced directly by the dideoxy chain termination method using an ABI PRISM 310 Genetic Analyzer (Applied Biosystems). In the case that the obtained PCR product was insufficient yield to direct sequencing due to highly damaged DNA, nested PCR was performed using the primers (sense-2 and antisense-1), then the amplicon was introduced into the pCR-Blunt vector using Zero Blunt PCR Cloning Kit (Invitrogen) for subsequent sequencing analysis. The sequence information obtained in this study were registered on the nucleotide sequence databases (DDBJ, EMBL, GenBank) with the accession no. shown in Fig. 2 except for MM-2 through MM-6. Alignment and phylogenetic analyses of the sequence data were carried out by Clustal W program. 11) The sequence information of the primers used in this study is shown in Table 3 together with the information on the primers and the probes for TaqMan assay described below.
TaqMan Assay Positive probe and primers (MM-S1, MM-A1) were designed in the conserved region among fungi, and probes 1 and 2 were designed in the region specific to MMs (Fig. 3) . All probes were designed based on the sequence of the antisense strand. The size of amplicon produced by the primer pair is about 220 bp. TaqMan assay was performed in a total reaction volume of 25 ml containing 1ϫMaster mix, 200 nM primers, 200 nM TaqMan MGB probe(s) 12) (The above all are from Applied Biosystems), and 1 ml of template (10 ng) except for the following samples: Ps. tampanensis (MM-4, 4.6 ng), Ps. argentipes (J3, 7.2 ng), Ps. fasciata (J4, 3.7 ng), and Ps. subcubensis (N1, 3.5 ng). Thermal cycling was performed in an ABI PRISM 7700 (Applied Biosystems) and consisted of two initial holds (50°C for 2 min and 95°C for 10 min) and 35 cycles of denaturation at 95°C for 15 s and an anneal/extend step of 60°C for 1 min. Each test was performed in quadruple in the same run. Data were analyzed using the SDS 1.7 application software (Applied Biosystems). The assay was divided into two steps; namely, the first step for the confirmation of amplification with the positive probe and the second step for the identification of MMs with probe-1 and probe-2.
Results and Discussion
Phylogenetic Relationship of Psychoactive Fungi Based on the LSU Sequence The rRNA gene for a large subunit (LSU) was selected as the target gene for the following reasons: 1) The gene has already been investigated in many fungi including the Psilocybe and Panaeolus genus. 13, 14) 2) The gene has stem and loop regions and nucleotide substitutions have occurred more frequently in the stem region than in the loop region. 15) This feature is very suitable to establish the species identification method using the TaqMan assay because the set of the fluorescence probe in the variable stem region and the primers in the conserved loop region enable us to construct the examination system covering various species. The LSU partial sequence was amplified by PCR using genomic DNA and directly sequenced. Among all sequence data, the sequence of Pa. cyanescens (MM-2-1) was consistent with that of Copelandia cyanescens (ϭPa. cyanescens, Accession no. AF261526 which contains only 925 bp of the LSU), but was different in only one position with that of Pa. cyanescens (MM-2-2). Furthermore, 2 and 4 nucleotide changes (substitutions or deletions) were observed in the data of Ps. cubensis (MM-1) and Ps. semilanceata (MM-3) when the sequence was compared with the corresponding known ones (AF261619, AF261616, respectively). These data indicate the presence of intra-specific mutations. On the other hand, the LSU sequence of two Ps. tampanensis samples (N2 and MM-4) is identical to each other although two nucleotide substitutions were observed in their ITS sequences.
6) The ITS and LSU nucleotide sequences of Ps. cubensis (MM-1) and Ps. subcubensis (N1) are also identical to each other. Hence, sequence analysis of ITS and LSU is useless to distinguish between the two. The fragment size of LSU derived from Psilocybe and Panaeolus genus is shown in Table 1 and ranged between 969-972 bp except for one species (Ps. subaeruginascens; J5). A phylogenetic tree constructed from the LSU nucleotide sequences obtained in this study and registered on databases (DDBJ, EMBL and GenBank) is shown in Fig. 2 . Three genera (Psilocybe, Panaeolus, and Amanita) used in this study were classified into distinct clusters, and its dividing pattern was similar to that obtained from the ITS sequences.
6) The cluster composed of the Psilocybe genus was furthermore divided into two groups (Group A and B, Fig. 2 ). Moncalvo et al. has already pointed out that psilocybin-containing species are distinguished from no psilocybin-containing species phylogenetically in the Psilocybe genus.
14) The former species is classified into Group B and our results are well in accord with theirs. When we considered the evolution route of the Psilocybe genus, the loss of main secondary metabolites seems to be very important. Namely, it means that some events, such as loss of psilocybin biosynthetic enzymes or their transcription control factors, occurred at bifurcation A in Fig. 2 . The consistency between phylogenetic classification and the distribution of major secondary metabolites was also observed between Glycyrrhiza plants and glycyrrhizin.
16)
Identification of MM Using the TaqMan Assay Sequence alignments of the LSU of MMs and food mushrooms allowed us to find the specific sequence to MMs as shown in Fig. 3 except for the case of the non-psilocybin mushroom, Ps. subcoprophila, whose sequence has an additional guanine at position 748. Furthermore, we found the corresponding sequences of other fungi, especially edible mushrooms, from databases and checked them. As a result, it was confirmed that the above region was almost specific to MMs among the mushroom kingdom. However, the length of this region was exceedingly long for designing a specific probe which could clearly detect a mutation in this region. Recently, a TaqMan MGB probe, which is shorter in length and has higher sequence specificity than the ordinarily used probe, was developed. 12) In the newest TaqMan assay, two distinct fluorescent signals were detectable simultaneously in each run by using a differential reporter dye in their 5Ј-ends. Therefore, we designed a set of two different TaqMan MGB probes (probe-1 and probe-2) for the region (Fig. 3) to discriminate MMs from the other fungi by TaqMan PCR. In addition, we constructed a third probe (positive probe) for the confirmation of the PCR amplification in the conserved region (Table 3) .
Considering nucleotide sequences, it is expected that all of the MMs, except for Ps. subcoprophila, afford the fluorescent signals derived from the set of probes in the TaqMan PCR assay. On the other hand, it is expected that at least one fluorescent signal is missing in the case of food mushrooms. Namely, "Enoki" and "Shiitake" afford no signal, and "Eringi" and "Maitake", and "Bunashimezi" and "Nameko" afford one signal from probe-1 and probe-2, respectively.
The data of the TaqMan assay are summarized in Table 4 . All samples, except for Ps. fasciata, afford a fluorescent signal in the confirmation of PCR amplification using the positive probe. The fungus, Ps. fasciata, was collected about 28 years before (Table 1) . Therefore, the genomic DNA of Ps. fasciata was degraded so heavily that the PCR product was not amplified. The examination with probe-1 and -2 gave the same results as expected before. The results indicate that these probes have high sequence specificity and that an established assay can clearly distinguish the MMs from the other fungi.
The results of assay with probes-1 and -2 are graphed in Fig. 4 . MMs were classified into two groups. Namely, MMs of Group 1 show high fluorescence, and those of Group 2 show relatively low fluorescence. All samples in Group 1 were collected or purchased in 1999 to 2001, and all samples in Group 2 were collected in 1983. These data indicate that the fluorescent intensity at the endpoint of the TaqMan assay comparatively correlates to the preserved time of post-harvest.
In Fig. 4 , MMs were plotted on the function, yϭ1.175x (Rϭ0.954) as shown with dashed line, but others were on either axes. This means that the value of Fprobe-1/Fprobe-2 is constant in all MMs regardless of absolute fluorescent intensity. The TaqMan PCR method has the advantage in terms of not requiring post-PCR operations such as the separation of the amplicon by electrophoresis and sequencing. Therefore, we can say that our established methods principally save assay time for the identification of MMs. In addition, the assay seemed to provide information about the collection period of MMs from the fluorescent intensity of signals, though further studies are needed to clarify that aspect.
